A fine balance between dark and baryonic mass is observed in spiral galaxies. As the contribution of the baryons to the total rotation velocity increases, the contribution of the dark matter decreases by a compensating amount. This poses a fine-tuning problem for CDM galaxy formation models, and may point to new physics for dark matter particles or even a modification of gravity. DOI: 10.1103/PhysRevLett.95.171302 PACS numbers: 95.35.+d, 98.52.Nr, 98.62.Ck, 98.62.Dm The rotation curves of spiral galaxies become approximately flat at the largest radii observed [1, 2] . This is one of the strongest indications of the need for dynamically dominant dark matter in the Universe. While the need for dark matter at large radii is clear, its quantity and distribution is less so.
are well determined. Examples of the rotation curves of two galaxies are shown in Fig. 1 . Galaxy structural parameters describing the distribution of baryons are essential to the analysis here. The azimuthally averaged light distribution of spiral galaxies can often be approximated as an exponential disk
where 0 is the central surface brightness and R d is the scale length of the stellar disk. Such a mass distribution has a rotation curve [14] that peaks at 2:2R d . In a system with both stars and dark matter, an interesting measure is the velocity V 2:2 at this point [15] [16] [17] where the mass of the stars is most relevant. Gravity makes no distinction between stars and gas, so a preferable measure is V p , the velocity at the radius R p where the sum of these baryonic components make their maximum contribution to the total rotation. For star dominated galaxies, there is little difference between these quantities. For gas rich galaxies, which are well represented here, R p can be considerably larger than 2:2R d . V p usually differs little from V 2:2 because of the near flatness of rotation curves, but in some cases there are significant if modest differences.
To include the gas as well as the stars, I use the masses tabulated in Ref. [13] and measure R p and V p for each galaxy. R p is taken from the combined surface density map (Fig. 1) ; no assumption is made that the disk is purely exponential. It is useful to define a baryonic surface mass density This is equivalent to 0 for a purely exponential disk with R p 2:2R d . The size and rotation velocity of disks correlates with their baryonic mass (Fig. 2) . The mass-velocity relation is sometimes referred to as the baryonic Tully-Fisher relation [18] . A number of variations [19, 20] making use of different mass and velocity estimators exist. The critical difference here from Ref. [13] is the consideration of V p as the velocity measure as well as the asymptotic flat velocity V f . It is of interest to find how much the baryons contribute to V p , so V b R p is also illustrated in Fig. 2 for the adopted baryonic mass. Two size estimators are also shown: the scale length R d of the stars and the radius of the peak of the baryonic rotation R p . R d is the quantity traditionally used [15] [16] [17] when information about the gas is not available, and is shown for comparison to the size R p used here. Fits to the data of the form logy a b logM b are given in Table I .
A remarkable aspect of the Tully-Fisher [21] relation (the precursor to the mass-velocity relation) is that it shows no variation with scale size [22 -24] . It is as if the distribution of luminous mass has no impact on the global dynamics [19, 25] . Reference [15] proposed using the velocity-scale length residuals as a measure of the relative importance of baryonic disk and dark matter halo. The residual from the fitted relations for each object i is
The idea is simple: if the luminous disk contributes significantly to the total mass, variations in the distribution of baryons should affect the observed velocity. Imagine taking a compact, high surface brightness galaxy and stretching it out to become a diffuse, low surface brightness galaxy. This is essentially what is illustrated in Fig. 1 . Since V 2 / M=R, the velocity V b attributable to the baryonic component must decline as R p grows at fixed mass.
A family of pure disks devoid of dark matter should have V p V b and obey a residual relation [15] 
For a combined system of baryonic disk plus dark matter halo, the observed slope will depend on the halo model and the degree of disk contribution. Residuals from both the luminosity-velocity (Tully-Fisher) and mass-velocity (baryonic Tully-Fisher) relations are shown in Fig. 3 . Luminosities measured in the B band are available for all galaxies. K 0 -band photometry [19] is available for 24 of the 60 galaxies. This near-infrared (2:2 m) pass band is thought to give the closest mapping between stellar light and mass [26] , providing a check that the results are not specific to the particular choice of mass estimator.
No residuals of the type expected for a pure disk are observed. Indeed, the B and K 0 bands have slopes of opposite sign, though neither is significantly different from zero (Table II) PRL
171302-2 rotation velocity relation have slope zero. When V p is used as the velocity measure instead of V f , a slightly negative slope is inferred. This is marginally (4) different from zero. Given the nature of astronomical observations, it would be unwise to read too much into the particular value of the slope. What is clear is that galaxies do not follow the pure disk prediction, having instead a residual slope very near to zero.
A tempting interpretation is that all spiral galaxies are dominated by dark matter. There is little sensitivity to R p because the baryonic mass is negligible. We have estimates of the baryonic mass already, independent of this argument, so it is interesting to check if this is so.
We can directly compare the contribution of the baryonic (V b ) and dark halo (V h ) components to the total observed velocity V p at R p . This is shown in Fig. 4 where it can be seen that the fractional contribution of the baryons, V b =V p , is well correlated with the baryonic surface density. This is not specific to the mass estimates adopted here, being clear also in the K 0 -band data. For either case, roughly half of the sample is baryon dominated within
Clearly the small slope of the residuals in Fig. 3 does not require submaximal disks, as the situation may arise even when some disks are maximal. The specific relation between the baryon contribution and surface density (well fit by V b =V p 0:05 0:28 log b ) depends on the mass estimator, but such a relation must always be present. For any choice of mass estimator, there is a fine-tuning between V b and
h , yet V p hardly varies with the distribution of baryons, while V b must do so by definition. This leads to the seesaw balance between baryons and dark matter apparent in Fig. 4 .
This balance constitutes a fine-tuning problem for CDM. One does not naively expect the baryonic and dark halo contributions to anticorrelate. In the most basic models [27, 28] one expects that when the baryons collapse to form the visible galaxy, they draw some of the dark matter along with them (an effect commonly referred to as adiabatic contraction [29] [30] [31] ). In such a scenario, one would expect more baryons to mean more dark matter, not less.
The extent to which the observed balance constitutes a fine-tuning problem is open to debate [25, 32] . Reference [32] suggests that feedback from the activity of massive stars-the kinetic energy from stellar winds and supernova explosions-may provide a mechanism to reproduce the observations. It seems strange to invoke such chaotic effects to impart an organization to the models which is not naturally there. Worse, a minority of the baryonic component must strongly affect the dominant dark matter -a case of the tail wagging the dog. In order to work, feedback must act in a very specific fashion which has yet to be realized in sophisticated numerical simulations [33, 34] . A completely satisfactory theory of galaxy formation has yet to emerge.
It is worth noting that @ logV f =@ logR p 0 is an a priori prediction of an alternative to dark matter, the modified Newtonian dynamics (MOND) [12] . Indeed, while dark matter models struggle with the cusp/core problem [35] , MOND fits the rotation curve data in considerable detail [9] . No fine-tuning is required.
MOND has had other predictions realized, for example, in the dynamics of low surface brightness galaxies [36] and in the peak amplitude ratio of the angular power spectrum of the cosmic background radiation [37, 38] . A long standing theoretical objection to MOND has been the lack of a generally covariant theory, but this obstacle has recently been addressed [39] . This in turn may allow the theory to address issues like large scale structure [40] about which it has previously been mute.
While MOND has been surprisingly successful, it is not without problems. The most serious problem facing it at present is the residual mass discrepancy in clusters of galaxies. The MOND formula applied to these systems fails to explain the missing mass problem [41] [42] [43] [44] as it does in individual galaxies. Perhaps this will prove fatal to the theory, or perhaps there is more conventional mass in clusters that remains undetected.
There is a third possibility. We still know very little about the nature of the dark matter (presuming it exists).
FIG. 4 (color online)
. The fractional contribution to the total velocity at the peak radius by baryons (V b =V p ) and dark matter (V h =V p ). These correlate with baryonic surface density, determined either from the K 0 -band light [19] and stellar population models [26] (top) or Eq. (3) (bottom). Disks come closer to being maximal as surface density increases. Curiously, the dark matter contribution declines in compensation, maintaining a seesaw balance with the baryons. It may possess some property that imparts the observed balance with baryons in galaxies. This idea implies a specific interaction between the two that is in some way repulsive: the greater the surface density of baryons, the less that of dark matter. Such a repulsion would help explain the apparent lack of dark matter in high density regions like globular clusters [45] and elliptical galaxies [46] . It would also have important implications for direct detection experiments.
No interaction with baryons of the sort envisaged is in the nature of most hypothesized dark matter candidates. Neither cold dark matter nor frequently discussed alternatives like warm [47, 48] or self-interacting [49] dark matter do anything of the sort. Whether it is even possible to endow dark matter with the appropriate properties [50] is difficult to say as the possibility has yet to be thoroughly explored.
Irrespective of which type of interpretation may seem preferable -the details of galaxy formation, modified dynamics, or baryon-repulsive dark matter -clearly there is important physics at work that has yet to be elucidated.
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